The yak (Bos grunniens) is an iconic symbol in the high-altitude region of the Qinghai-Tibetan Plateau. Diarrhoea is a common disease in yaks, resulting in major economic losses. To investigate the diversity of viral species, we reported the metagenomics-derived virome in a pooled faecal sample of 20 diarrhoeic yaks. The nine viruses found in the pooled diarrhoeic samples, in order of abundance of nucleic acid sequence, were influenza A virus, bovine viral diarrhoea virus (BVDV), rotavirus, ungulate tetraparvovirus 1 (bovine hokovirus), astrovirus (AstV), bovine enterovirus, hepatitis E virus, kobuvirus and woodchuck hepatitis virus. Compared with healthy yaks, only AstV had a significantly higher prevalence rate in diarrhoeal samples, indicating a correlation with the clinical symptoms of diarrhoea in yaks. To further investigate the molecular characterization of yak AstV, a near-full genome was obtained from a diarrhoeic sample. It was 6243 bp in length and shared 46.4-66.2 % similarity with other related bovine AstVs from faeces. Phylogenetic analysis of the genome demonstrated that the yak AstV fell within the bovine AstVs cluster, but was located in a unique lineage, suggesting a novel AstV species was identified in yaks. Interestingly, the ORF2 region of yak AstV had closer similarity and genetically relationship with deer AstV strain CcAstV-2 than that of the bovine AstVs. Further analysis showed that one possible interspecies recombination event occurred in ORF2. In summary, this study expanded our understanding of the viral communities of diarrhoeal yaks and identified a novel AstV that was associated with diarrhoea in yaks.
INTRODUCTION
The yak (Bos grunniens), a unique long-haired bovine found throughout the Himalayan region, has been able to adapt to alpine ecological conditions. Yaks are necessary and important breeds for local residents in high-altitude environments . There are w14 million yaks in the world, mainly distributed in China, northern India, Pakistan, Nepal and Bhutan (Mi et al., 2013) . In China, scattered populations of yaks reside at *3000-5000 m above sea level in the Qinghai-Tibetan Plateau and provide the main protein sources for local Tibetans (Fu et al., 2014; Hu et al., 2012) .
Diarrhoea in newborn yaks is a common disease that reduces productivity and increases loss by death, thereby resulting in major economic losses in the yak industry (Li et al., 2012; Liu et al., 1986; Zhang et al., 2011) . A few viruses that cause yak diarrhoea have been identified, including bovine viral diarrhoea virus (BVDV) and rotavirus (Liu et al., 1986; Zhang et al., 2011) . However, other diarrhoea-associated viruses in yaks have been largely under-investigated due to the harsh local natural and geographical conditions, poor traffic access and fragmentary veterinary services. Thus, a thorough survey of diarrhoea viruses in yaks will provide baseline epidemiological information.
Viral metagenomics is a high-throughput sequencing technology that has proven to be a powerful tool for investigating previously unrecognized aetiology and identifying novel viral species (Mokili et al., 2012; Rosario & Breitbart, 2011) . The technology has become an important research tool in basic virology, diagnostic virology and disease prevention and control (Finkbeiner et al., 2008; Shan et al., 2011; Wu et al., 2012; Zhang et al., 2014) . In this study, we used a pooled faecal sample of 20 diarrhoeal yaks collected from four different farms in the south-eastern margin of the Qinghai-Tibetan Plateau for viral metagenomic analysis.
Using TruSeq Illumina sequencing, we identified nine different viruses, including influenza A virus, BVDV, rotavirus, ungulate tetraparvovirus 1 (bovine hokovirus), astrovirus (AstV), bovine enterovirus, hepatitis E virus (HEV), kobuvirus and woodchuck hepatitis virus (WHV). Furthermore, we report the discovery and characterization of a novel AstV from yak faeces, the presence of which was correlated with the clinical symptoms of diarrhoea in yaks.
RESULTS

Overview of sequence data
The faecal specimens of 20 diarrhoeic yaks were pooled and viral metagenomics analysis was performed in this study. Using deep-sequencing, reads of a total of 4 800 370 bases were generated from the Illumina sequencing run. The 3536 RNA sequence contigs created using reads were classified based on the best BLASTX expectation (E) scores. Approximately 2.1 % of the RNA sequence data matched those of mammalian viruses (Fig. 1) .
Virome of yak stools
Of the sequence data, the 92.7 % with the best BLASTX matches to mammalian viruses were RNA viruses belonging to the families Reoviridae, Orthomyxoviridae, Flaviviridae, Hepeviridae, Astroviridae and Picornaviridae. In addition, 7.3 % of the sequence reads were identified as DNA viruses, belonging to the families Parvoviridae and Hepadnaviridae. This phenomenon occurred because the viral DNA was not entirely removed during the RNA extraction and purification process.
Through sequence analysis of the longest contig or read sequence of each virus, nine distinct viruses were identified in yak diarrhoeic faecal specimens (Table S1 , available in the online Supplementary Material). Viruses previously identified in yaks and also identified here were BVDV and rotavirus (Liu et al., 1986; Zhang et al., 2011) . The seven additional viruses mentioned here have not been reported previously in yaks, i.e. influenza A virus, ungulate tetraparvovirus 1, AstV, bovine enterovirus, HEV, kobuvirus and WHV. The mammalian viruses, in order of abundance of sequence reads, were influenza A virus (70.8 % of all reads), BVDV (8.9 %), rotavirus (8.8 %), ungulate tetraparvovirus 1 (7.1 %), AstV (2 %), bovine enterovirus (1.5 %), HEV (0.5 %), kobuvirus (0.2 %) and WHV (0.2 %) (Fig. 1) .
Prevalence of viruses in 20 diarrhoeic faecal samples
To gain insights into the prevalence of the viruses, we used a PCR assay to test the presence of viruses in the 20 diarrhoeic samples individually. Out of these 20 diarrhoeic samples, kobuvirus was detected in 65 % ( (Table  1) . However, neither HEV nor WHV were detected in the samples, possibly due to very low viral titres in the diarrhoeic samples that could not be detected by PCR assay in this study. For the individual diarrhoeic faecal samples, the mean number of yak virus categories per faecal sample (co-infections) was 1.9 for the diarrhoeic yaks, with a maximum of six different viruses shed by one diarrhoeic yak.
Significantly high prevalence of AstV in diarrhoeal yaks
To determine which viruses were associated with diarrhoea in yaks, an additional 138 faecal samples from 63 diarrhoeal and 75 healthy calves between 30 and 60 days of age, which were collected from the same herd in 2014, were investigated for the presence of the prevalence of the nine viruses ( Table 2 ). The presence of AstV in diarrhoeal yaks was detected in 39 samples (60.3 %), whilst only two healthy yaks (2.7 %) were positive for the virus. This difference in detection was significant (x 2 -test, Pv0.001). In contrast, there was no significant difference in the detection rate for bovine enterovirus, kobuvirus, rotavirus, BVDV, ungulate tetraparvovirus 1 and influenza A virus. None of the healthy or diarrhoeic yaks was found to be positive for HEV and WHV, and none of the healthy yaks tested positive for influenza A virus. Therefore, the above results suggested that AstV was correlated with the appearance of diarrhoea in yaks.
Characterization of a novel yak AstV near-full genome
To further investigate the genomic information, a near-full genome of yak AstV S8 was obtained from diarrhoeic sample S8, excluding the 59 UTR. The near-full genome of yak AstV S8 was 6243 bp in length, with a 51.8 % G+C content, which shared 46.4-66.2 % similarity with bovine AstVs isolated from faeces (Tse et al., 2011) and only 18.6 % identity with bovine AstV NeuroS1 from neurological disease . Based on the recent distance criteria for the genus Mamastrovirus described in the International Committee on Taxonomy of Viruses proposal (http://ictvonline. org/proposals/2010.018a-cV.A.v4.Mamastrovirus.pdf), the virus was provisionally named Mamastrovirus-20-yak1.
As typical for mamastroviruses, yak AstV S8 had three putative ORFs, encoding the protease with ORF1a, RNA-dependent RNA polymerase (RdRp) with ORF1b and capsid protein with ORF2. The complete ORF1a was 2454 bp long and encoded a 91.15 kDa non-structural protein, nsp1a. The nucleotide and amino acid sequences of ORF1a shared 61.7-78.8 and 71.7-91.6 % identity (Table 3) , respectively, with cogent ORFs of other bovine AstVs. The complete ORF1b was 1509 bp in length, encoding the viral RdRp (502 aa). Its reading frame was 21 relative to that of ORF1a in order to initiate translation after the programmed ribosomal frameshift occurs at the 'slippery heptamer' site (59-AAAAAAC-39). The 'slippery heptamer' sequence was responsible for inducing a ribosomal frameshift during translation to generate the polyprotein nsp1ab (Marczinke et al., 1994) . Compared with bovine AstVs, the nucleotide and amino acid sequences of ORF1b had 74.4-87 and 86.3-96.4 % similarity (Table 3) , respectively. In yak AstV S8, ORF1b appeared to be the least divergent compared with Rate* S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 
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Bovine astrovirus BAstV-GX7-CHN-2014 (KJ620979) 100 100 other ORFs. ORF2 was 2310 bp long and encoded the structural capsid protein. The molecular mass of the entire precursor protein was 83.8 kDa. In comparison with other bovine AstVs isolated from faeces, the ORF2 nucleotide and amino acid sequence identity showed the most divergence, with 40.6-57.4 and 50.2-64.2 % homology (Table 3) , respectively. However, the yak AstV ORF2 was most closely related to deer AstV CcAstV-2 (GenBank accession number HM447046) (Smits et al., 2010) with 64.7 % nucleotide acid identity and 68.6 % amino acid identity. Therefore, the above results showed that the AstV from the yak faeces possessed significant genetic variability compared with bovine AstVs.
The phylogenetic trees reconstructed using the nucleotide acid sequence of near-full genomes, ORF1a, ORF1b and ORF2 are shown in Fig. 2 . Phylogenetic analysis showed that yak AstV S8 falls into the bovine AstVs cluster based on the near-full genome (Fig. 2a) , but is located in a unique lineage. The result suggested that this virus had a relatively close but distinct genetic relationship to bovine AstVs from faeces. Phylogenetic analysis of ORF1a and ORF1b regions demonstrated that yak AstV S8 still had a relatively closer genetic distance to bovine AstVs from faeces (Fig. 2b, c) . Nevertheless, the ORF1b of yak AstV S8 was a unique lineage. By analysis of ORF2, yak AstV S8 was notably most closely related genetically to deer AstV CcAstV-2 (GenBank accession number HM447046) (Smits et al., 2010) compared with other bovine AstVs (Fig. 2d) . Phylogenetic analysis of yak AstV S8 showed that the ORF1 region was more closely related to bovine AstVs, whilst the ORF2 region was more similar to the deer AstV CcAstV-2. The results suggested that any putative recombination event might take place at the ORF1b-ORF2 region. Therefore, based on the genetic diversity and evolution, yak AstV S8 was proposed as a novel virus.
To identify the cross-over region of possible recombination sites, recombination analysis was performed on the ORF2 amino acid sequences of yak AstV S8 and deer AstV CcAstV-2, as well as bovine AstV B18-HK (GenBank accession number HQ916313) as an outgroup. The presence of recombination was strongly supported by single breakpoint recombination analysis and the recombination breakpoint was most strongly supported at position 268 (yak AstV S8 numbering) as identified by GARD (http://www. datamonkey.org/), which might result in the recombinant yak AstV S8 strain (Fig. 4a) . To further confirm the results, neighbour-joining trees were constructed based on the different partitions. The discrepancies between the phylogenetic trees provide direct evidence of recombination (Fig. 3) . In the first partition (positions 1-268), yak AstV S8 is most closely related to bovine AstV B76-HK. In the second partition (positions 269-769), however, yak AstV S8 had a closer genetic distance to CcAstV-2. These results indicated that the recombination event occurred within the ORF2 of yak AstV S8 strain. In addition, we compared the complete genome sequence of yak AstV S8 with the complete sequences of AstVs from bovine and porcine origin by similarity analysis in SimPlot, which did not lend obvious support to the presence of a recombination event (Fig. 4b) . Nevertheless, the choice of sequences of the bootscan analysis was suboptimal, because no complete genome sequence for deer AstV CcAstV-2 was available. are often due to the presence of more than one pathogen in calf diarrhoea. Rotavirus, coronavirus and BVDV are the three most important viruses resulting in the viral gastroenteritis in calves (Cho & Yoon, 2014) . In recent years, some novel viruses have been detected in bovine diarrhoeic faeces, including kobuvirus (Yamashita et al., 2003) , AstV (Tse et al., 2011) , norovirus (Kaplon et al., 2011) , nebovirus (Kaplon et al., 2011) and torovirus (Nogueira et al., 2013) , which suggested that these viruses might be associated with diarrhoea. Although diarrhoea in yak calves is a serious problem in the Qinghai-Tibetan Plateau (Li et al., 2012; Liu et al., 1986; Zhang et al., 2011) , the viruses related to diarrhoeal disease in yak are still largely unknown. In this study, we investigated the diversity of viral species in a pooled faecal sample of 20 diarrhoeic yaks by viral metagenomics. Nine different mammalian viruses were identified, including influenza A virus, ungulate tetraparvovirus 1, AstV, bovine enterovirus, HEV, kobuvirus and WHV, which were reported here for the first time in yaks' gut, in addition to BVDV and rotavirus. These results indicated the diversity of viral species in yak diarrhoeic faeces.
When the distribution of the nine viruses was compared between diarrhoeal and healthy' yaks, influenza A virus, BVDV, rotavirus, ungulate tetraparvovirus 1, bovine enterovirus and kobuvirus showed no significant difference between diarrhoeal and healthy samples by statistical analysis. However, a significantly higher incidence rate of AstV was detected in 60.3 % of diarrhoeal samples versus 2.7 % in healthy faeces, indicating that the presence of the virus correlated with diarrhoea in yaks. In bovines, AstV was first identified in 1978 in faecal samples from diarrhoeic calves in Britain (Woode & Bridger, 1978) and further studies of AstV circulation in cattle have been scarce (Candido et al., 2015; Oem & An, 2014; Tse et al., 2011; Woode et al., 1984 Woode et al., , 1985 . Recently, bovine AstV NeuroS1 was reported to be associated with encephalitis in the USA and was therefore a potentially important cause of neurological disorders in cattle . Enteric bovine AstV infections were commonly asymptomatic and investigations on the association with gastroenteritis disease had been inconclusive (Candido et al., 2015; De Benedictis et al., 2011) . Nevertheless, the AstV detection rate in diarrhoeic faeces was higher in calves compared with adult cattle in Korea (Oem & An, 2014), indicating that the bovine AstVs were more frequent in young calves than adult cattle. In Brazil, the presence of AstVs in diarrhoeic bovines was significantly (Pv0.01) associated with diarrhoea (Candido et al., 2015) . In the current study, the result was consistent with the above investigations (Candido et al., 2015; Oem & An, 2014) , in agreement with the concept that AstV is a viral enteric pathogen in bovines.
AstVs are small, non-enveloped RNA viruses with a characteristic star-like structure. The family Astroviridae has been classified into two genera, i.e. Mamastrovirus and Avastrovirus, known to infect mammalian and avian species, respectively (Moser & Schultz-Cherry, 2005 ). Genetic variability was described in almost all AstV species infecting mammals and birds that have been examined in detail (Belliot et al., 1997; Brnić et al., 2014; Cattoli et al., 2007; Chu et al., 2010) . To further investigate the genomic information, we obtained a nearly complete genome of yak AstV from diarrhoeic sample S8. Based on phylogenetic analyses, the yak AstV S8 isolate was identified as a novel virus. Sequence analysis showed similar organization of the genome compared with other bovine AstVs, but the genome of yak AstV S8 only had 46.4-66.2 % identity with the previously reported bovine AstVs, exhibiting high divergence. Compared with other ORFs, ORF2 of yak AstV S8 appeared to be the most divergent amongst other bovine AstVs, but shared relatively close similarity to that of deer AstV CcAstV-2. In bovine AstVs, the ORF2 region also had a close relationship to deer AstV, where at least one recombination event was identified between bovine AstVs and deer AstVs (Tse et al., 2011) . In this study, the result of recombination analysis on yak AstV and deer AstV also confirmed that one putative recombination event had occurred in ORF2, but the recombination breakpoint was obviously different between bovine AstVs and deer AstVs (Tse et al., 2011) . Based on the above results, we speculated that the recombinant AstV from yaks might be due to species transgression between yaks, cattle and deer. Furthermore, a potential recombinant in the ORF2 region of yak AstV might facilitate rapid diversity in the capsid protein, accelerate viral evolution and be a mechanism to escape host immunity. Therefore, the novel yak AstV might be counted amongst the agents of emerging zoonotic infections. AstV surveillance in deer or other wild animals of the region is needed to better characterize the genetic variant.
In conclusion, this study described viromes in yak diarrhoeal faeces that provided a more comprehensive understanding of the viral communities and prevalence in clinical samples. We found that AstV infection was correlated with diarrhoea in yaks. Furthermore, a novel AstV was identified having undergone a putative recombination event in ORF2. Therefore, a large-scale surveillance study of yak AstV should be performed in the Qinghai-Tibetan Plateau to expand our knowledge of virus epidemiology.
METHODS
Ethics statement. This study was performed in accordance with recommendations of the Animal Care and Use Committee of the Southwest University for Nationalities, China. The sampling was approved by the Animal Disease Control Center of Sichuan province, China (approval number SYXK2011-043).
Sample collection. From May to July 2013, 20 diarrhoeal faecal specimens of yaks between 30 and 60 days of age were collected from four farms in the south-eastern margin of the Qinghai-Tibetan Plateau (N 32u 479 35.500 latitude, E 102u 329 34.320 longitude, mean altitude 3500 m). The faecal specimens were stored at 280 uC in sterile 50 ml centrifuge tubes.
Sample preparation and viral nucleic acid extraction. The faecal samples were prepared as described previously (Zhang et al., 2014) . Approximately 1 g of each diarrhoeal sample was resuspended in 10 vols PBS and vortexed vigorously for 5 min. The stool suspensions were pooled at 100 ml each and centrifuged at 12 000 g for 10 min at 4 uC. The supernatant was then filtered through a 0.22 mM filter (Millipore) to remove intact bacteria and other large cellular debris. Aliquots of 100 ml of the pooled filtrates were treated with 10 U DNase and 1.5 mg RNase enzymes (TaKaRa) at 37 uC for 90 min to remove unprotected nucleic acids. Total RNA from the pooled faecal samples was extracted using a QIAamp Viral RNA Mini kit (Qiagen) following the manufacturer's instructions. For the total RNA sample obtained, reverse transcription was performed using SuperScript III reverse transcriptase (Invitrogen) and random hexamers (Invitrogen) following the manufacturer's protocol.
Library construction and TruSeq Illumina sequencing. The cDNA level was determined by a Qubit Fluorometer (Life Technologies). Samples of 230 ng cDNA was used to construct a library according to the manufacturer's instructions (TruSeq RNA sample preparation kit). Briefly, the nucleic acids were ultrasonicated to generate fragments of v500 bp. The DNA fragments were end-repaired using T4 polynucleotide kinase. The adaptors were then ligated and loaded on a HiSeq 2000 (Illumina) for sequencing .
Data analysis. Raw sequence reads were trimmed to remove the reads of the adaptor, duplicate reads and yak genomic sequences (GenBank accession number AGSK01000000) , and a minimum length of 90 bp was selected. The reads that passed the data processing procedure were considered useful sequences. In parallel, all useful sequence reads were subjected to de novo contig assembly using SOAP assembly software (http://soap.genomics.org.cn/), with the criteria of a 90 % minimum overlap identity. The assembly contigs and useful sequence reads were aligned with sequences in the National Center for Biotechnology Information non-redundant nucleotide database (nt) and the non-redundant protein database (nr) using BLASTN and BLASTX, respectively. The taxonomies of the sequences with the best BLAST values (Ev10 24 ) were selected and used for further grouping analysis. The abundance of viruses was scanned by SOAP aligner software to further analyse the diversity of the species identified in the yak diarrhoeic faeces.
Detection of virus prevalence rate in 20 diarrhoeal samples. To detect the viral infection rate in the faecal samples, PCR primers (Table S2) were designed based on the data from the Illumina sequencing run or the completion of a viral genome from GenBank. A PCR using each specific primer pair was performed with the following: 1| Ex Taq Buffer, 2 mM MgCl 2 , 200 mM each dNTP, 0.4 mM primers and 1.25 U Ex Taq DNA polymerase (TaKaRa). For each reaction, 2 ml DNA or cDNA from each faecal sample was used. Amplification was performed under the following reaction conditions: a hot start of 95 uC for 5 min, followed by 40 cycles of 95 uC for 30 s, 53 uC for 40 s and 72 uC for 1 min, with a final extension at 72 uC for 10 min. PCR production was gel-purified using a QIAquick gel extraction kit (Qiagen), following the manufacturer's instructions. Both strands of the PCR products were sequenced at Invitrogen using the PCR primers.
Prevalence of the nine viruses in healthy and diarrhoeal samples. An additional 138 yak calf faecal samples from 63 diarrhoeal and 75 healthy calves between the ages of 30 and 60 days were collected from the same herd in the south-eastern margin of the Qinghai-Tibetan Plateau (N 32u 479 35.500 latitude, E 102u 329 34.320 longitude, mean altitude 3500 m) between May and July 2014. The prevalence of the nine different viruses in yak was further investigated using the primer pairs listed in Table S2 . Using the x 2 -test in SPSS 17, we determined whether the detection rates of tested viruses were significantly different between diarrhoeal and healthy yaks.
Genome analysis of yak AstV. To further investigate the genomic information of the yak AstV, 12 different pairs of primers were designed to amplify the genome sequence of diarrhoeic faecal sample 8 (S8) ( Table S3 ). PCR was used to bridge sequence gaps, and 39 and 59 RACE were used to complete the viral genomes. For genome organization analysis, putative ORFs and their corresponding amino acids were predicted using the ORF Finder tool (http://www.ncbi.nlm.nih.gov/ gorf/gorf.html), and similarity analysis was performed using BLAST. Nucleic global multiple sequence alignments were constructed for different fragments with distinct virus genes using MUSCLE 3.7. Pairwise identity values and phylogenetic analyses were carried out using MEGA 5.2. Phylogenetic trees were reconstructed using the neighbour-joining algorithm with p-distances and with a bootstrap value of 1000.
In recombination analysis, yak AstV S8 sequences were first analysed using the single breakpoint recombination method to look for evidence of any recombination. If the results were supportive of the presence of recombination, then the GARD method was employed to identify all possible recombination breakpoints (Kosakovsky Pond et al., 2006) . The bootscanning procedure as implemented in SimPlot 3.5.1 was used for recombination analysis of the complete yak AstV S8 genome.
To determine the gene-and site-specific selection pressures acting on ORF2 of yak AstV S8, three different codon-based maximum-likelihood methods, i.e. SLAC, FEL and REL, in the Datamonkey web service (http://www.datamonkey.org/) with significance levels set at P50.1, P50.1 and Bayes factor i50, respectively, were used to estimate the rate of non-synonymous (d N ) and synonymous (d S ) substitutions at each codon site.
